A vaccine for the prevention of human immunodeficiency virus (HIV) infection is desperately needed to control the AIDS pandemic. To address this problem, we developed vesicular stomatitis virus glycoproteinpseudotyped replication-defective simian immunodeficiency viruses (dSIVs) as an AIDS vaccine strategy. The dSIVs retain characteristics of a live attenuated virus without the drawbacks of potential virulence caused by replicating virus. To improve vaccine immunogenicity, we incorporated CD40 ligand (CD40L) into the dSIV envelope. CD40L is one of the most potent stimuli for dendritic cell (DC) maturation and activation. Binding of CD40L to its receptor upregulates expression of major histocompatibility complex class I, class II, and costimulatory molecules on DCs and increases production of proinflammatory cytokines and chemokines, especially interleukin 12 (IL-12). This cytokine polarizes CD4
More than twenty-five years into the AIDS pandemic, a safe and effective vaccine has not been developed to prevent human immunodeficiency virus (HIV) infection (19) . To date, the most effective vaccine developed, using the simian immunodeficiency virus (SIV)/rhesus macaque model, is a live attenuated virus with a deletion in the nef gene (SIV⌬nef) (15) . However, safety remains a major concern for this vaccine, since it is pathogenic to neonatal macaques (2) . In addition, this vaccine can cause AIDS in some adult macaques anywhere from several months to years after vaccination, apparently the result of a restoration of the pathogenic phenotype after constitutive replication (3) . Tremendous efforts have been put forth toward developing a safer vaccine strategy. Several groups have constructed replication-defective SIVs whose infection is limited to a single round of replication to reduce the risk of reversion to virulence while simultaneously maintaining efficacy similar to that of live attenuated vaccines (17, 36) . Our laboratory and others have constructed vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped SIVs (dSIV) (55, 64) . Pseudotyping with VSV-G expands tissue tropism, potentially enhances immune responses, and stabilizes the viral structure, allowing ultracentrifugation and ultrafiltration without losing infectivity (10) . In macaque studies, dSIV-vaccinated animals had a 1-to 3-log reduction in primary viremia compared to unvaccinated animals; however, viral loads in both groups were indistinguishable in the chronic phase of infection (17, 36) . In a rat study conducted by our laboratory, animals vaccinated with dSIV expressing gamma interferon (IFN-␥) had humoral and cell-mediated immune responses to Gag but only partially controlled replication of a recombinant vaccinia virus expressing SIV Gag-Pol used as a surrogate challenge (55a) . To improve the efficacy of this vaccine, we therefore developed a dSIV with human CD40 ligand (CD40L) as well as VSV-G incorporated into the virus envelope.
CD40L (CD154), a 39-kDa type II membrane glycoprotein, belongs to the tumor necrosis factor (TNF) family. CD40L is transiently expressed on activated CD4 ϩ T cells, CD8 ϩ T cells, ␥␦ T cells, mast cells, and interleukin 2 (IL-2)-activated natural killer cells (23) . Its receptor, CD40, a member of the TNF receptor superfamily, is constitutively expressed on epithelial cells, endothelial cells, and all antigen-presenting cells (APCs), including dendritic cells (DCs), macrophages, and B lymphocytes (66) . Binding of the CD40 protein on immature DCs triggers DC activation and maturation (44) , resulting in increased expression of costimulatory molecules and enhancing the DCs' ability to activate naive T cells. In addition, the CD40/CD40L interaction upregulates Bcl-2 and Bcl-x L expression, increasing DC survival (52) . CD40L also upregulates production of proinflammatory cytokines and chemokines by DCs, especially IL-12, a cytokine responsible for polarizing CD4 ϩ T cells to Th1-type immune responses (12) . Moreover, activation of DCs through CD40/CD40L signaling allows DCs to crosspresent exogenous antigen and thus cross-prime CD8 ϩ cytotoxic T cells without CD4 ϩ T-helper cells (51) . CD40L has been shown to improve immunogenicity in several therapeutic cancer (40, 58) and prophylactic vaccine (20, 46) studies. Skountzou et al. demonstrated that incorporating CD40L into an SIV virus-like particle enhances humoral and cellular immune responses (61) . However, it requires extremely high doses to induce adequate immune responses when administered locally. In this study, we took advantage of the immunoregulatory characteristics of CD40L and the wide cell tropism of VSV-G by incorporating both into the envelope of pseudotyped viral particles to enhance the immunogenicity of dSIVs. We evaluated the immunogenicity of CD40L-dSIV in vitro using monocyte-derived DCs with a phenotype comparable to that of interstitial DCs (5). The results suggested that CD40L, as a vaccine adjuvant, significantly enhanced the ability of dSIV to activate DCs and prime naive T cells in vitro. The immunogenicity of CD40L-dISV was further confirmed in vivo. CD40L-dSIV-immunized mice had higher antibody and cell-mediated immune (CMI) responses than dSIV-immunized animals, suggesting that this strategy could increase the immune responses required for controlling HIV infection.
MATERIALS AND METHODS

Cells and mediums.
HeLa and embryonic kidney (293T) cells were grown at 37°C in 5% CO 2 in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine. Rhesus macaque peripheral blood mononuclear cells (PBMCs) (38) were prepared by Ficoll-Paque density centrifugation. PBMCs were maintained in AIM-V medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum.
Plasmid construction. The human CD40L gene was obtained from the plasmid pBS-hCD40L-6A9 (American Type Culture Collection, Manassas, VA) by restriction enzyme digestion at the EcoRI and BamHI sites (63) . The resulting EcoRI-BamHI fragment containing the CD40L gene was cloned into the EcoRIBamHI sites of pcDNA3.1/Zeo (Ϫ) (Invitrogen) to generate pCD40L ( Fig. 1) , placing the CD40L gene under the control of the cytomegalovirus (CMV) immediate-early promoter.
Generation of pseudotyped SIV stocks. dSIVs were prepared as follows: 293T cells (90% confluent in 150-cm 2 flasks) were cotransfected with pSIV⌬E⌬Ngfp (36 g) and pVSV-G (18 g; Clontech, California). pSIV⌬E⌬Ngfp contains the SIVmac239 genome with a partial deletion of the env gene and with the nef gene replaced with the green fluorescent protein (GFP) gene (55) (Fig. 1A) . pVSV-G expresses the VSV-G gene (Indiana serotype) under the control of the CMV immediate-early promoter (71) (Fig. 1A) . For dSIV incorporating CD40L (CD40L-dSIV), pSIV⌬E⌬Ngfp (26.5 g), pVSV-G (13.25 g), and pCD40L (13.25 g) (Fig. 1A) were cotransfected into 293T cells and viral particle-containing mediums were collected 48, 72, and 96 h after transfection, pooled, clarified by centrifugation at 500 ϫ g for 10 min, and filtered through a 0.45-m-pore-size membrane (Millipore, Billerica, MA). To prepare high-titer stocks, viral particles were concentrated by centrifugation with Centricon Plus-70 filter units (Millipore). Viral particles were pelleted by ultracentrifugation at 141,000 ϫ g for 2 h (Beckman SW 28 rotor). The viral particle pellets were resuspended in phosphate-buffered saline (PBS) and stored at Ϫ80°C. A transduction assay using HeLa cells was performed to determine viral titers. The titer was calculated as green-forming units/ml, according to the formula described by Zufferey (75) .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting. Viral particle stocks were run on a 7.5% sodium dodecyl sulfate-polyacrylamide gel (Bio-Rad, Hercules, CA). Proteins were then transferred to nitrocellulose membranes (0.22 m; GE Osmonics, Minnetonka, MN) and blocked (5% milk in PBS-0.2% Tween 20) . The membranes were incubated individually with primary antibody overnight at 4°C. These antibodies included the following: (i) 1:250 dilution of rabbit anti-CD40L rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) (59), (ii) 1:800 dilution of rabbit anti-VSV-G polyclonal antibody (6) , and (iii) 1:2,000 dilution of mouse anti-Gag p27 antibody, obtained through the National Institutes of Health AIDS Research and Reference Reagent Program (Germantown, MD) (SIVmac251 Gag monoclonal [KK64], catalogue no. 2321, from Karen Kent and Caroline Powell). Membranes were washed with PBS-0.2% Tween 20 and incubated with either horseradish peroxidase (HRP)-conjugated goat antirabbit or antimouse antibody (Pierce, Rockford, IL) at a 1:5,000 dilution in blocking buffer. Following incubation in the secondary antibody, the membranes were washed and then incubated in HRP substrate (Pico chemiluminescence; Pierce). Membranes were placed on Whatman 3MM filter paper and exposed to film (BioMax; Kodak, Rochester, NY).
Gradient fraction analysis. To show that CD40L is incorporated into the virus particles, we examined its colocalization with VSV-G and Gag protein on both sucrose density equilibrium and iodixanol (OptiPrep; Invitrogen) velocity sedimentation gradients (16, 28) . Briefly, sucrose gradients were prepared in PBS in 4% increments ranging from 20 to 60%. Viral particle stocks (0.5 ml) were layered on top of the gradients and centrifuged for 14 h at 95,000 ϫ g. Iodixanol gradients were prepared in PBS in 1.2% increments ranging from 6 to 18%. Viral particle stocks (0.5 ml) were layered on top of the gradient and centrifuged for 1 h at 246,000 ϫ g. A total of 20 gradient fractions were collected from the bottom of the gradient (about 250 l per fraction). An aliquot of each fraction was examined for the concentration of Gag p27, VSV-G, and CD40L by enzymelinked immunosorbent assay (ELISA). A p27 ELISA kit (Beckman Coulter, Fullerton, CA) was used to measure the Gag p27 concentration, and a human Preparation and transduction of monocyte-derived DCs. A standard protocol was used to prepare monocyte-derived DCs (26, 27) . PBMCs from healthy donor rhesus macaques were isolated from whole blood using Accu-Paque (Accurate Chemical & Scientific Corporation, Westbury, NY) gradient centrifugation. CD14 ϩ cells were positively selected from PBMCs using magnetic beads according to the manufacture's protocol (Miltenyi Biotec, Albon, CA). Selected monocytes were cultured in a six-well plate (3 ϫ 10 6 cells/well) in AIM-V medium supplemented with 100 ng/ml granulocyte-macrophage colony-stimulating factor and 50 ng/ml IL-4 (R&D Systems) for 6 days. Half of the medium was replaced on days 2 and 4 with fresh medium containing the same concentrations of cytokines. On day 6, immature DCs were then transduced by different viral particles at a multiplicity of infection (MOI) of 0.1 or left untransduced and cultured in the cytokine medium as described above for 2 days. The culture mediums of transduced DCs were measured for IL-12 concentration by ELISA (Invitrogen), performed according to the manufacture's protocol. DCs were harvested by gently resuspending the cells and staining with anti-CD54, anti-CD80, anti-CD83, or anti-CD86-phycoerythrin (PE) or with anti-CD11c-APC or anti-HLA-DR-APC-Cy7 (Becton Dickinson, Franklin Lakes, NJ) in fluorescence-activated cell sorter buffer (PBS supplemented with 3% fetal calf serum and 0.02% sodium azide). The expression level of surface molecules on DCs was monitored by flow cytometric analysis using a FACSArray bioanalyzer (Becton Dickinson) and analyzed using the FlowJo software program (Tree Star, San Carlos, CA).
Confocal microscopy. Plasmid-transfected 293T cells were fixed with 4% paraformaldehyde 2 days posttransfection, permeablized with 0.1% of Triton X-100 in PBS, and subsequently blocked with PBS containing 1% bovine serum albumin and 0.5% Tween 20. Cells were incubated with goat anti-human CD40L polyclonal antibody (R&D Systems) and rabbit anti-VSV-G polyclonal antibody. Cells were then stained with Alexa Fluor 555-conjugated donkey antirabbit antibody and Alexa Fluor 647-conjugated donkey antigoat antibody (Invitrogen).
The virus particle-transduced DCs described above were fixed, permeablized, and subsequently blocked. Cells were incubated with the mouse anti-Gag p27 antibody described earlier. The cells were stained with Alexa Fluor 647-conjugated goat antimouse antibody (Invitrogen). Images were taken using a Zeiss Radiance 2100 confocal microscope system. Allogeneic MLR. PBMCs from healthy donor rhesus macaques were isolated from whole blood by Accu-Paque gradient centrifugation. T cells as responder cells were enriched using the Pan T cell isolation kit (Miltenyi Biotec) according to the manufacturer's protocol. Stimulator cells (DCs), isolated from another donor monkey, were transduced with viral particles and cultured for 2 days with 0.1 ng/ml lipopolysaccharide (Sigma-Aldrich, St. Louis, MO). Enriched allogeneic T cells (10 6 ) were incubated with transduced DCs (10 5 ) in 48-well plates in triplicate for 5 days. Bromodeoxyuridine (BrdU) was added to the culture medium to a final concentration of 10 M 18 h before the cells were harvested. The culture medium from mixed lymphocyte reactions (MLR) was collected before addition of BrdU, and the concentrations of IFN-␥, IL-2, and IL-4 were measured using ELISAs (Invitrogen), performed according to the manufacturer's protocols. T cells from MLR were restimulated with anti-CD3 (1 g/ml) and anti-CD28 (1 g/ml) in medium containing brefeldin A (Sigma-Aldrich) and GolgiStop (Becton Dickinson) 6 h before harvesting. T cells were then stained with anti-CD8-APC-Cy7, anti-CD4-PE-Cy7, anti-BrdU-fluorescein isothiocyanate, anti-IL-2-APC (Becton Dickinson), anti-IL-4-PE (Miltenyi Biotec), and anti-IFN-␥-Pacific Blue (eBioscience, San Diego, CA) using a BrdU-FITC Flow kit (Becton Dickinson). T cells were analyzed on an LSRII flow cytometer (Becton Dickinson).
Animals and immunization. Female CB6F 1 mice were purchased from Harlan Sprague Dawley (Indianapolis, IN). All animals were maintained according to National Institutes of Health guidelines. Animal care protocols were approved by the Animal Use and Care Administrative Advisory Committee at the University of California, Davis. Groups of mice (4-to 5-week-old females) were immunized intradermally (i.d.) with 2 ϫ 10 6 PFU of dSIVs or CD40L-dSIV in a final volume of 50 l of sterile PBS under light anesthesia. Two weeks later, animals were boosted i.d. with the same dose of dSIVs.
Humoral studies. Mice were bled at 0, 1, 2, and 4 weeks after immunization. Sera were pooled for the 2-week samples in each group. Titers of antibody to SIV-Gag and VSV were determined by ELISA and neutralization assay, respectively.
IFN-␥ ELISPOT assay. Enzyme-linked immunospot (ELISPOT) assays for IFN-␥-secreting cells were performed using a commercial kit (Becton Dickinson) according to the manufacturer's protocol. Briefly, spleens from immunized mice were harvested at 1 or 4 weeks postimmunization. After homogenization, splenocytes were depleted of CD4 ϩ cells using magnetic beads (Miltenyi Biotec). Freshly isolated splenocytes (from 2.5 ϫ 10 5 to 1 ϫ 10 6 ) from each mouse were seeded in triplicate in 96-well plates precoated with anti-IFN-␥ monoclonal antibody. Cells were pulsed for 24 h at 37°C with a peptide pool consisting of overlapping 15-mer peptides spanning the entire SIV Gag (with 11-amino-acid overlaps) at a final concentration 1 g/ml of each peptide (AIDS Research and Reference Reagent Program, National Institutes of Health). Cells were removed from plates by washing with PBS. Aliquots of 100 l of anti-IFN-␥-biotin were added to each well and incubated for 2 h at room temperature. After washing with PBS, 100 l of streptavidin-alkaline phosphatase was added to each well and incubated for 1 h at room temperature. A chromogenic substrate was then added to each well for 15 min to allow color development and formation of spots. The color reaction was stopped by the addition of water. Wells were then air dried. Spot-forming cells (SFC) were counted using a dissecting microscope and normalized as SFC/10 6 cells. Data analysis. Statistical analyses were performed using the statistical software program GraphPad Prism, version 4.0 (GraphPad Software Inc., San Diego, CA). Data were expressed as the means Ϯ the standard errors of the means, and a P value of Ͻ0.05 was considered significant.
RESULTS
Generation of pseudotyped SIVs with human CD40L incorporated into viral membranes.
We obtained the human CD40L gene from the plasmid pBS-hCD40L-6A9, which was cloned and characterized by Gauchat et al. (23) . The full human CD40L gene was subsequently cloned into the EcoRIBamHI site of vector pcDNA3.1/Zeo (Ϫ). To generate CD40L-dSIV viral particles, we cotransfected 293T cells with three plasmids, pCD40L, pVSV-G, and pSIV⌬E⌬Ngfp, simultaneously (Fig. 1A) . Images from confocal microscopy show that 293T cells successfully expressed all three proteins at the same time, CD40L and VSV-G on the cell surface and GFP intracellularly (Fig. 1B) .
CD40L-dSIV particles incorporate CD40L. The CD40L-dSIV viral particle stock was generated by collecting the medium of transfected cells and purifying viral particles by using a sucrose gradient. The results of the Western blot show that the VSV-G, Gag, and CD40L proteins were present in CD40L-dSIV particles (Fig. 2A) . In order to rule out potential contamination with cell debris and vesicles and further prove that CD40L is indeed present in the virus particle, we examined the viral stock using both density and velocity gradients. The proteins contained in the viral stocks were fractioned according to either their density or their sedimentation coefficient. Therefore, we could separate viral particles from cell debris and microvesicles. We measured the concentrations of VSV-G, Gag, and CD40L in each fraction and found that the highest concentrations of these proteins colocalized to the same fraction(s) (Fig. 2B) . The gradients were run in duplicate, and analysis of the fractions gave consistent results. The combined data from Western blot and gradient analyses demonstrated that human CD40L was incorporated into the virus particles.
Transduction of DCs by CD40L-dSIV results in greater DC activation. The immunogenic potential of CD40L-dSIV was tested by its ability to activate DCs derived from monocytes of eight macaques. The time line and MOI used in this assay were optimized before the actual experiments were conducted. Both dSIV and CD40L-dSIV-transduced DCs underwent typical morphological changes, including extended dendrites, which increase the cell's surface area and its ability to interact with T cells (data not shown). Also, virus-transduced DCs expressed viral proteins, such as Gag (Fig. 3) , which should allow these DCs to present the viral proteins via the major histocompatibility complex (MHC) class I pathway.
The expression levels of the surface molecules CD54 (ICAM-1), CD80 (B7.1), CD86 (B7.2), and HLA-DR on virustransduced DCs were evaluated by flow cytometry 2 days after transduction. CD40L-dSIV-transduced DCs had significantly higher levels of these markers than the PBS controls or dSIVtransduced DCs (Fig. 4A and B) . Interestingly, the expression levels of CD83, the DC maturation marker, were similar for both CD40L-dSIV and dSIV-transduced DCs although it was significantly higher than that for the PBS control group. The expression level of CD83 on virus particle-transduced DCs was not as high as that on cytokine cocktail-maturated DCs (data not shown). This result suggests that the activation signal provided by CD40L-dSIV is strong enough to initiate activation but not enough to reach full maturation.
We next examined the concentration of IL-12 p40 in the culture medium, since one of the major characteristics of DCs that are activated by CD40L is increased production of IL-12, a Th1 regulatory cytokine. Additionally, production of IL-23, which shares the IL-12 p40 subunit, is also a marker of DC activation. DC culture supernatants were collected 2 days after transduction and analyzed by ELISA. The result shows that IL-12 p40 production by CD40L-dSIV-transduced DCs is 6 to 18 times more than that produced by PBS or dSIV-transduced DCs (Fig. 4C) . These results further confirm that CD40L-dSIVs indeed have an increased ability to activate DCs in vitro.
In conclusion, these data show that incorporating CD40L into dSIV significantly enhances its ability to activate DCs.
CD40L-dSIV-transduced DCs activated naive allogeneic T cells more efficiently in MLRs.
Activated DCs are known to be able to induce activation and proliferation of naive T cells in primary MLRs (60) . Thus, we performed MLRs to examine the ability of PBS controls or dSIV-or CD40L-dSIV-transduced DCs to stimulate T-cell proliferation and cytokine secretion. In the DC activation assay described above, we found that DCs did not become fully mature. Reports have shown that tolerant, immature, or semi-immature DCs are prone to inhibiting MLRs (9, 49) . Thus, we boosted DC maturation by adding lipopolysaccharide in the virus particle-containing medium at the concentration which would not affect IL-12 production but would assist DC maturation (11) . The MLR assay was repeated 10 times, with each set differing in the combination of rhesus macaque donor cells used as stimulators (DCs) and responders (allogeneic T cells).
FIG. 2. Verification of proteins present in CD40L-dSIV as determined by Western blotting. (A)
Purified CD40L-dSIV particles were analyzed by Western blotting. Lysates from cells transfected with either pCD40L or pVSV-G served as controls. VSV-G and Gag p27 were present in both dSIV and CD40L-dSIV particles, while CD40L was present only in the CD40L-dSIV particles. Blots were stained with anti-VSV-G (upper panels), anti-Gag (middle panels), or anti-CD40L (lower panels) antibodies. (B) CD40L-dSIV viral stock was run on either a continuous 20 to 60% sucrose gradient or a 6 to 18% iodixanol (OptiPrep) gradient, and 20 fractions were collected from the bottom of the tube. Each fraction was analyzed by ELISA for human CD40L, SIV Gag p27, and VSV-G. The highest concentrations of these three proteins in both gradients were found in the same fraction in two separate experiments (duplicates not shown).
FIG. 3. Expression of viral proteins in transduced
DCs. Viral protein expression was visualized by confocal microscopy. Virus particletransduced DCs were fixed, permeabilized, and stained with anti-Gag p27 conjugated with Alexa Fluor 647. Upper panels show DCs transduced with dSIV, and lower panels show DCs transduced with CD40L-dSIV.
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First, we investigated the cytokine profile of the stimulated T cells using ELISA to measure cytokine concentrations in the medium collected 4 days after MLR. The concentration of IFN-␥ in supernatants taken from CD40L-dSIV-transduced DCs mixed with responder T cells was two to four times higher than that found in the dSIV-transduced group (Fig. 5A) . However, there were no significant differences in IL-2 and IL-4 levels between these groups. This result suggests that CD40L specifically promotes the production of IFN-␥ during DC Tcell activation, indicating a Th1 phenotype. At day 5, T cells were labeled with BrdU for 18 h and restimulated with anti-CD3 and anti-CD28 monoclonal antibodies 6 h before harvesting. The BrdU incorporation was examined by flow cytometry as an indication for the intensity of T-cell proliferation. The percentage of proliferating (CD4 ϩ BrdU ϩ ) T cells activated by CD40L-dSIV-transduced DCs was significantly higher than that of cells activated by PBS or dSIV-transduced DCs (Fig. 5B  and C) , while there was no significant difference between the PBS and dSIV groups. The cytokine profile of the T cells was further confirmed by intracellular cytokine staining. The percentages of CD4 ϩ T cells secreting IL-2 and IFN-␥ were significant higher in the CD40L-dSIV group, which indicates a Th1 response (Fig. 5B and C) . Interestingly, the percentage of CD4
ϩ IL-4 ϩ T cells was also significantly higher in the CD40L-dSIV group than in the PBS and dSIV groups. This is consistent with the results from research in other laboratories, which suggest that CD40L, as a DC activation stimulus, may have a special ability in regulating and balancing Th1 and Th2 responses (30, 56) . In conclusion, these results show that CD40L-dSIV-transduced DCs are superior in inducing naive allogeneic CD4 ϩ T-cell proliferation and may have the ability to induce not only Th1 but also Th2 immune responses.
The CD8 ϩ T-cell responses induced by virus-transduced DCs were also measured by MLR. The effector function of CD8 ϩ T cells was evaluated by IFN-␥ secretion and proliferation in response to specific antigen. The percentage of CD8 ϩ IFN-␥ ϩ /BrdU ϩ T cells in the CD40L-dSIV group was significantly higher than those in the PBS and dSIV groups (Fig. 6A) . This result shows that CD40L-dSIV-transduced DCs are able to induce activation of naive allogeneic CD8 ϩ T cells. Taken together, the data further confirm that transduction of DCs with CD40L-dSIVs enhances DC activation and maturation compared to results with dSIVs. As a result, CD40L-dSIVtransduced DCs have a functional phenotype that should activate naive T cells better than dSIV alone.
CD40L-dSIVs induced stronger humoral and CMI responses in mice.
To investigate the immunogenicity of CD40L-dSIV in vivo, groups of mice were immunized i.d. with CD40L-dSIV, dSIV, or PBS and boosted with the same dose i.d. 2 weeks postvaccination. Sera were collected at 1, 2, and 4 weeks postvaccination, and titers of antibody to SIV-Gag and VSV were determined by ELISA and neutralization assay, respectively. The sera from CD40L-dSIV-immunized mice exhibited SIV Gag-specific antibody at 2 weeks postvaccination, while no SIV Gag-specific antibody was detectable in the dSIV group (Fig. 7A) . However, the antibody titer was not significantly different at 4 weeks postvaccination (2 weeks postboost). In contrast, the titer of anti-VSV antibody 2 weeks postvaccination was higher in the CD40L-dSIV-vaccinated group, but this was not statistically significant compared to results for the dSIV-vaccinated animals. However, by 4 weeks postvaccination, the titer in the CD40L-SIV group was four times higher than that in the SIV group (Fig. 7A) . Next, we examined the SIV Gag-specific CMI response using an IFN-␥ ELISPOT assay. Splenocytes taken from mice 1 and 4 weeks postvaccination were depleted of CD4 ϩ cells and stimulated with a SIV Gag peptide pool. Splenocytes from CD40L-dSIV-immunized mice had three to four times more IFN-␥-secreting cells than dSIV-immunized mice (Fig. 7B) . The results of animal study show CD40L enhanced the immunogenicity of dSIV in vivo and induced stronger humoral and CMI responses in mice than dSIV alone.
DISCUSSION
We have been investigating methods to develop safe and efficacious vaccines by incorporating adjuvant and attenuating genes. Previously we demonstrated that expression of IFN-␥, a Th1 cytokine, in vaccinia virus and SIV vectors increases attenuation as well as enhancing host immune responses (24, 25, 39, 55) . The adaptive immune response is initiated when naive T cells interact with DCs, dictating the development of a Th1 or Th2 immune response (34) . In the SIV/macaque model and in HIV-infected humans, a Th1 response correlates with control of virus replication (74) . Thus, we developed single-cycle, VSV-G-pseudotyped SIV viral particles expressing IFN-␥ and showed that transduction with these constructs increased DC maturation and their ability to activate CD4 ϩ and CD8 ϩ lymphocytes (55) . In the present study, we incorporated CD40L, one of the most potent stimuli for DCs, into the membrane of Transduction with CD40L-dSIVs resulted in activated DCs and significantly increased levels of CD54, CD80, CD86, and HLA-DR expression compared to results for the PBS and dSIV-transduced groups. The expression of CD83 on CD40L-dSIV-transduced DCs is significantly increased compared to results for the PBS group, but there is no difference from the dSIV-transduced group. DCs were gated using forward scatter, side scatter, and CD11c. Results show the mean florescent intensity of CD11c ϩ cells in different channels. The expression levels of surface molecules on transduced DCs for all the experimental animals are presented as mean fluorescence intensity (MFI). Data were analyzed with the paired t test: * , P Ͻ 0.04 compared with results for the PBS group; ** , P Ͻ 0.004 compared individually with results for the dSIV and PBS groups (n ϭ 8). Bars represent mean values. (B) Flow cytometric data from cells derived from a representative animal donor (out of eight). PBS (red dashed line), dSIV (blue solid line), and CD40L-dSIV (green solid line) groups are shown. (C) IL-12 production is significantly enhanced in CD40L-dSIV-transduced DCs. DC culture supernatants were collected 2 days after transduction with dSIVs and evaluated for the IL-12 p40 concentration using ELISA. The IL-12 concentration in the culture supernatants of CD40L-dSIV-transduced DCs is as much as 6 to 18 times more than that measured in the culture supernatant of dSIV-and PBS-transduced DCs. The assay was done with eight different animals, and a two-tail paired t test was used for data analysis: * , P Ͻ 0.003 compared to results for PBS and dSIV individually. (29, 33, 50) . Insertion of the protein in the membrane as a trimer decreases the chances of inflammatory responses to CD40L. Binding of CD40L to its receptor on immature DCs triggers DC activation and maturation and increases DC survival (43, 50) . One of the cytokines upregulated in DCs activated by CD40L binding is IL-12, a cytokine responsible for polarizing CD4 ϩ T cells to a Th1 phenotype (12) . Previous research with DNA vaccines showed that increasing the activation level of DCs through CD40-CD40L interactions significantly enhances the intensity of CMI and humoral immune responses (29, 33) . The membrane-associated trimeric form, the natural form on activated CD4 ϩ T cells, has the strongest bioactivity, while the soluble dimer and monomer have the lowest (18, 67) . Moreover, the soluble form may diffuse into circulating blood and cause systemic toxicity (21, 22) . Therefore, incorporation of the CD40L protein was carefully designed to ensure that the protein was incorporated into the membrane as a trimer, presented in the same microenvironment as antigens, and was not secreted.
The immunogenicity of CD40L-dSIV was evaluated in vitro by measuring the expression levels of cell surface markers on virus particle-transduced DCs. Transduction of DCs with CD40L-dSIVs significantly increased the expression levels of CD54, CD80, CD86, and HLA-DR as well as secretion of IL-12 compared to results for transduction with dSIV (Fig. 4) . However, the levels of CD83 expression were similar in dSIVand CD40L-dSIV-transduced-cells and was lower than expected for mature DCs, suggesting that transduction with dSIV-CD40L did not induce complete maturation of the DCs in vitro (42, 53) . This was not unexpected, since we intentionally excluded other activating stimuli in the culture medium to increase the sensitivity of the assay (41, 73) . The concentration of CD40L presented in CD40L-dSIV at this MOI (ϳ1 ng/ml) was also low, about 1,000 times less than the concentration often used to activate DCs in vitro (14, 45) . Under these tightly controlled and stringent conditions, transduction with CD40L-dSIV resulted in production of as much as 10 times more IL-12 than did transduction with dSIV. Since IL-12 stimulates IFN-␥ production, proliferation of T cells, and generation of cytotoxic T lymphocytes (43, 65) , utilizing CD40L-dSIV as an immunogen should result in increased DC activation and a strong primary Th1 immune response.
The immunogenicity of CD40L-dSIV was further confirmed by primary allogeneic MLR (60) . The results show that the proliferation and effector function of activated T cells are stronger when induced by CD40L-dSIV-transduced DCs (Fig.  4) . Since DCs expressing higher levels of costimulatory molecules and IL-12 are superior in activating allogeneic T cells in the MLR (13, 35) , this confirmed that CD40L-dSIV-trans-
FIG. 5. CD40L-dSIV-transduced DCs activated naive allogeneic CD4
ϩ T cells more efficiently in a MLR assay. CD40L-dSIV-transduced DCs have a stronger capacity to activate naive allogeneic CD4 ϩ T cells in an MLR assay. T cells were incubated with virus particle-transduced DCs at a ratio of 1:10 and cultured for 5 days. BrdU was added 18 h before harvesting, and T cells were restimulated to boost cytokine secretion 6 h before harvesting. (A) MLR culture mediums were collected before addition of BrdU and evaluated for IFN-␥, IL-2, and IL-4 concentrations using ELISA. The IFN-␥ concentration in the medium of CD40L-dSIV-transduced DCs was two to four times more than that measured in the culture mediums of dSIV, while they were no different in the concentrations of IL-2 and IL-4. Bars represent means Ϯ standard errors. A two-tail paired t test was used for data analysis: * , P Ͻ 0.003 compared to results with PBS; ** , P Ͻ 0.003 compared to results with PBS and dSIV individually ϩ -cell-depleted splenocytes from each mouse set were seeded in triplicate into 96-well plates precoated with anti-IFN-␥ monoclonal antibody. Cells were pulsed with a Gag peptide pool (1 g/ml) for 24 h at 37°C. IFN-␥-secreting cells were counted as SFC and normalized as SFC/10 cells activated by CD40L-dSIV-transduced DCs was significantly higher than that for the other groups (Fig. 5A) , this explanation is unlikely to be correct. Alternatively, it may be the result of upregulation of the inducible costimulatory molecule (ICOS), a member of the CD28/CTLA-4 family of T-cell costimulatory molecules that is induced and upregulated on activated T cells (32, 72) . Its receptor, B7RP-1, is expressed on APCs and endothelial cells (62, 72) . ICOS-ICOSL interaction upregulates the secretion of IL-4, IL-5, IL-10, IFN-␥, and TNF-␣ (32) but not IL-2 (47) and is essential in germinal center formation (8) and antibody class switching (48) . ICOS is essential in generating both Th1 and Th2 responses during infection (7, 70) , and one of its main functions is to balance Th1/Th2 responses. A report suggested that the expression level of ICOS on activated T cells is enhanced by IL-12 and IL-23 (68) . Since CD40L-dSIV-transduced DCs produced the largest amount of IL-12, this would upregulate the expression of ICOS on T cells and increase secretion of IL-4. If this is true, then CD40L-dSIV may be able to induce a balanced Th1 and Th2 response. Since the inability to generate effective neutralizing antibodies is a major concern in SIV vaccine design, the ability of CD40L-dSIV-transduced DCs to induce both Th1 and Th2 immune responses is an encouraging result.
The immunogenicity of CD40L-dSIV was tested in vivo using a mouse model, since human CD40L has been shown to function in murine cells (31) . Animals were immunized i.d. to enhance interaction of CD40L and APCs. Antibody responses to Gag were detectable at 2 weeks postimmunization only in the group vaccinated with CD40L-SIV, indicating that this construct was a better inducer of primary immune responses despite low levels of antigen used for immunization. However, antibody to Gag was equivalent in both groups by 4 weeks postvaccination (2 weeks postboost). Sufficient amounts of antigen must be present in secondary lymphoid organs to stimulate B cells in the marginal zone to induce specific antibody responses (54); a single dose of dSIV was not sufficient to induce detectable humoral immune responses. In contrast, CD40L may enhance the activation level of marginal zone macrophages and thus might have been able to provide sufficient activation signals to B cells with a single dose of vaccine. On the other hand, VSV-G is known to induce antibody efficiently with small amounts of antigen due to its repetitive form (4) . Thus, the levels of anti-VSV-G antibody were higher than those of the anti-SIV Gag antibody. The CD8 ϩ T-cell responses to SIV-Gag peptides were significantly higher in the CD40L-dSIV-vaccinated group, which indicates that CD40L-dSIV overcomes the restriction of viral peptides presented via the MHC class I pathway due to the limitation of HIV and SIV genes in murine cells. This is not surprising, since CD40L-activated APCs have the ability to cross-present exogenous peptides on MHC class I and would allow increased stimulation of CD8 ϩ T-cell responses. Pseudotyped lentiviruses are an attractive alternative vaccine strategy due to increased safety, wider cell tropism, and natural presentation of antigen. However, studies in vitro and in vivo have not been promising due to the limited immune responses induced by these constructs. In this project, we tried to enhance these responses by incorporating CD40L into the dSIV envelope. This strategy not only preserves the native trimeric form of the protein but also ensures that CD40L and virus are present in the vaccination site simultaneously, generating a perfect microenvironment for DC activation and maturation. Thus, DCs receive the first activation signal (viral infection), followed by a second signal (proinflammatory cytokines) and further stimulus from expression of CD40L. The increased density of peptide-MHC complexes, costimulatory molecules, and adhesion molecules on DC surfaces, as well as the increased production of IL-12, should enhance the intensity of DC-T-cell interactions and commit naive T cells to differentiation into Th1 cells. Enhanced immune responses would therefore increase the quantity of memory T cells (57, 69) and protective secondary immune responses. In conclusion, this study shows that CD40L, as a vaccine adjuvant, significantly enhances the immunogenicity of VSV-G-pseudotyped SIV in vitro and in vivo. Future studies will be done with macaques to test immunogenicity, efficacy, and any side effects.
